There is considerable variation in the level of fecal egg excretion during
, Ghana (Scott et al. 1982) , and Zaire (Polderman et al. 1985a, b) , wide variation in fecal egg counts has been observed between nearby endemic areas. Within a single endemic area, variation in fecal egg excretion levels has been noted among individuals and between households (Bradley & May 1978) . Analysis of fecal egg excretion from individuals resident in single endemic areas often show that the distribution of egg counts is overdispersed (Bradley & May 1978) with marked skewness and leptokurtosis. An important consequence of the overdispersed distribution in egg counts is that the majority of eggs excreted in a community come from a minority of residents. Results of a study conducted in Ethiopia indicated that 50% of the eggs excreted came from 5% of the community (Polderman 1979) , and in a Brazilian study the same proportion came from 6% of the community (Lima e Costa et al. 1985) . Day to day fluctuations in egg counts for a single individual have also been documented (Engels et al.1996) .
Numerous factors are thought to influence levels of egg excretion. These include the presence or absence of habitats suitable for intermediate hosts (Goll et al. 1984) , patterns of human activity, socioeconomic status (Lima e Costa et al. 1985) , densitydependent functions (Medley & Anderson 1985) , and the immune response of the host (Doenhoff et al. 1978 , Damian 1987 , Ngaiza & Doenhoff 1990 , Amiri et al. 1992 . Recently, a relationship between genetic factors and infection intensity has been documented. Using data from 269 families, Abel et al. (1991) detected a codominant major gene (SM1) accounting for a substantial proportion of the variation in infection intensity among individuals resident in a single endemic area. Marquet et al. (1996) localized the SM1 gene to chromosome 5q31-q33, an area that contains various interleukin (IL) genes (e.g., . While these genetic studies explicitly test for the influence of a major single locus, we have used a simple quantitative variance decomposition model to partition the observed variance in fecal egg excretion into components attributable to additive genetic (polygenes), shared environmental (household), and random environmental factors. Our analytical focus has been on the correlation and heritability of fecal egg excretion among relatives in extended multi-household pedigrees. Herein, we demonstrate the role of additive genetic and shared environmental factors on the variation in fecal egg excretion in a single endemic community in Brazil.
POPULATION, MATERIALS AND METHODS
Study sample -The study population was composed of 461 inhabitants, ranging in age from 5 to 85 years, of Córrego de Melquíades (Governador Valadares municipality), an area that is endemic for Schistosoma mansoni and is situated in the State of Minas Gerais, Brazil. Individuals were sampled through house-to-house surveys. Genealogical and demographic information including age, sex, parental names, and residences for all individuals were collected. These data allowed construction of extended multi-household pedigrees using PEDSYS, a pedigree-based data management system (Dyke 1989) . Individuals were defined as belonging to the same pedigree if they were biologically related to anyone else in the pedigree or if they were unrelated to anyone else in the pedigree who had not yet had children, but lived in the same house as their spouse, who was biologically related to someone else in the pedigree. The unrelated spouses were included primarily to improve estimation of common household effects. The 461 individuals belonged to 14 pedigrees, ranging in size from 3 to 422 individuals, (Table I) and were distributed over 113 different households (Table II) . Seven unrelated single individuals were retained in the analysis as independents. Parasitological data -Infection intensities were measured by individual fecal egg excretions, expressed in eggs per gram of feces (epg), that were the arithmetic mean of at least three determinations performed by the Kato Katz method (Katz & Pellegrino 1972 ) on stool samples collected on three different days. To reduce heteroscedasticity, we performed all analyses on the log transformed variable (epg + 1). Prevalence of infection was determined as a score of ≥ 1 epg. A survey conducted at the time of fecal collection indicated that none of the individuals in the study sample had ever received schistosomicidal treatment.
Analytical methods -Variance components analysis was used to decompose the variance of a given phenotype into its constituent sources (Hopper & Mathews 1982 , Lange & Boehnke 1983 . For the present study, we were interested in obtaining the relative importance of genes, shared household, and random environment on the variation in fecal egg excretion in schistosome infections. To formally test for the involvement of both genes and household, we used a method that allowed the use of all of our pedigree and household sharing information simultaneously. We used the pedigree based maximum likelihood variance decomposition method as implemented in the computer program SOLAR (Almasy 1998) to assess the relative importance of genetic factors in the determination of the variation of fecal egg counts. By assuming multivariate normality as a working model within pedigrees, the likelihood of any pedigree can be easily specified and numerical procedures can be used to estimate the variance component parameters (Beaty et al. 1985) . Likelihood estimation assuming multivariate normality yields consistent parameter estimates, even when the distributional assumptions are violated. Standard likelihood statistics tests were used for assessing the statistical significance of focal parameters. Hypothesis testing was performed by constraining the specific variance component parameters (h 2 and c 2 ) to 0 and seeing whether the constrained model showed a significantly worse fit than the unconstrained model. Covariate effects were also tested using this procedure.
For the evaluation of specific familial correlations, maximum likelihood techniques, as implemented in FISHER (Lange et al. 1988) , were used to choose the estimate of the correlation coefficient that provided the greatest likelihood of observing the data. This approach used the complete pedigree information and allowed for the simultaneous estimation of covariate effects. To determine whether residence in the same household increased the correlation among individuals with regard to fecal egg excretion we stratified these correlations by household sharing status (i.e., whether the pair of individuals lived in the same or different households at the time of sampling). If unrelated pairs who share a household have a higher correlation than unrelated individuals living in different households, we have presumptive evidence of the role of shared exposure. In contrast, if the correlation between relatives living in the same household is higher than that between unrelated individuals living in the same household, we have evidence for a genetic contribution to the level of infection intensity.
RESULTS
Sample prevalence, intensity of infection, covariate effects -Quantitative egg counts (Katz & Pellegrino 1972) were performed on 461 individuals. Fig. 1 shows the relationship between prevalence of infection and ten-year age intervals, with the bars indicating the 95% confidence intervals for the prevalence estimate for each interval. The total prevalence was 62% (n = 284). The maximum increase in prevalence was observed between the 5-10 (47%) and 11-19 (78%) age intervals. Fig. 2 depicts the relationship between log transformed epg and ten-year age intervals, with the bars indicating the 95% confidence intervals for the mean egg count for each ten-year age interval. The mean log transformed epg for the study sample was 106 (95% CI = 82, 131). The highest egg counts were observed in the 10-19 year age interval, with a mean epg of 141 (95% CI = 99, 183). The maximum increase in fecal egg count occurred between the 1-9 year (mean epg = 92 ± 67) and the 10-19 year (mean epg =141 ± 43) age intervals.
We simultaneously allowed for sex and age effects in the analysis. There was no significant effect of age on fecal egg excretion levels. There was a significant effect of sex (P < 0.00001), with 2% percent of the variation explained by this covariate, with males having higher egg per gram of feces than females. Table III shows the results of the variance components analyses. Four possible variance component models are presented. The two variance components considered are the relative genetic contribution (i.e., heritability, h 2 ) and the shared household component (c 2 ). The zeros appearing in the parenthesis (0) indicate constraints on the model. The general model, which allows for both genetic and shared household effects, showed a heritability of 0.21 ± 0.14 and a common household effect of .12 ± 0.08. This indicates that 21% of the variation in egg counts may be due to genetics and 12% due to shared household environment. The remaining 67% is attributed to random environmental effects. Each of the following three submodels were then compared to the general model: (1) the genetic model, (2) the household model, and (3) the sporadic model. In the genetic model, where only the genetic component was estimated, a heritability of 0.37 ± .08 was found for the variation in fecal egg excretion. In the household model, a shared environmental effect of 0.22 ± 0.05 was observed. The sporadic model, where schistosome fecal egg excretion was tested for random distribution, was clearly rejected (p = 0.0001), which indicates that the clustering of fecal egg excretion is not random.
Variance components analysis -
Since neither the genetic (p = 0.064) nor the household model (p = 0.053) was significantly different from the general model, the results of the variance component analysis can point only to a range of possible effects. Thus, additive genes may account for between 21-37% of variance in fecal egg excretion; i.e., nearly 40% of the variability in fecal egg excretion may be due to genetic factors. Similarly, the estimate between 12% and 22% for the household effects indicates that up to an additional quarter of the variance may be due to shared environment.
Correlations among relatives -In order to further understand the estimates observed above, we utilized the extensive pairwise relationships in the study sample to determine familial correlations. Table IV shows the pairs of relatives in the study sample by degree of relatedness. There are over 10,000 relative pairs for genetic analysis, with over 9,000 second degree or higher relative pairs. The use of these pairwise relationships markedly increased our power to detect genetic factors because of (a) the large number of such pairs and (b) the ability to stratify the pairs based on "shared" or "different" residence. Table V presents the correlations between various classes of relatives stratified by residence. The maximum likelihood estimates of the correlations are provided along with the standard error and the number of pairs that contributed the information. Among first degree relatives the presence of genetic factors is confirmed by the correlation of 0.17 ± 0.07 for parent offspring pairs from shared households and 0.31 ± 0.08 for sibling pairs from shared households. Both of the above correlations were higher than the correlation of 0.11 Age (years) Log transformed (epg +1 ± 0.09 for spouses, which is an indication of the presence of shared household effects as spouses are typically unrelated but share a similar residence. Evidence for genetic effects can also be found in the correlations which remained after the relative pairs were stratified for residence in different households, with a parent-offspring correlation of 0.09 ± 0.11 and a sibling correlation of 0.14 ± 0.10. Among the 9,604 second degree and higher relative pairs, the genetic component in fecal egg excretion was demonstrated by a heritability (h 2 ) estimated at 0.44 ± 0.14. The strength of this estimate derives from the fact that higher order relative pairs seldom live together, which avoids the potential confusion of household and genetic effects. The estimate clearly confirms the upper limit of the variance component analysis in which 44% of the variance in fecal egg excretion was attributed to genetic factors.
DISCUSSION
The size and complexity of the extended multihousehold pedigrees in the study sample enabled us to examine the additive effect of host genes on fecal egg excretion in S. mansoni infection. The distribution of fecal egg counts in the study sample was similar to other areas endemic for S. mansoni or S. haematobium in Africa (Forsyth & Bradley 1966 , Pugh & Gilles 1978 , Polderman 1979 , Scott et al. 1982 , Goll et al. 1984 , Polderman et al. 1985a and S. mansoni in Brazil (Lima e Costa et al. 1985) . This includes both the convex relationship between age and infection intensity and the overdistribution of egg counts, where a minority of individuals accounted for the majority of eggs excreted (Bradley & May 1978) .
The quantitative genetic analysis indicated that 21-37% of the variation in S. mansoni egg counts in the study sample was attributable to additive genetic factors and that shared household environment accounted for a further 12-21% of the observed clustering. This was demonstrated in three ways. First, the rejection of the sporadic model (p < 0.0001) indicated that the variation in fecal egg excretion was not randomly distributed. Second, the variance components analysis, which partitions the variation in fecal egg counts into genetic, household, and random environmental influences, indicated an additive genetic influence (h 2 ) of 21-37% and a shared household influence (c 2 ) of 12-22%. Third, a heritability (h 2 ) estimate based only on the numerous second degree and higher pairwise relationships in the study sample, indicated an additive genetic effect of 44% for fecal egg counts. The strength of the latter estimate was derived from the fact that second degree and higher relative pairs (e.g., first cousins, second cousins, grandparentsgrandchildren, etc.) seldom live together, which avoids the potential overlap of household and genetic effects. Furthermore, the heritability estimate from second degree and higher relatives is consistent with the upper limit (37%) of the genetic factor (h 2 ) determined by the variance components analysis. Together, these analyses point to the significant influence of additive host genes on the distribution of fecal egg excretion in this endemic area.
The determinants of fecal egg excretion are still fundamentally debated (Gryseels & de Vlas 1996) . Previous studies have emphasized the relationship between age and egg per gram of feces in S. mansoni infection (Woolhouse 1998) . There is a substantial literature that attempts to explain the decline in the eggs per gram of feces levels with age as due to (1) Heritability (h 2 ) among second degree and higher relatives 0.44 ± .14 reduced exposure, (2) increased innate resistance, (3) acquired immunity, or (4) a combination of these factors. However, the role of these factors on the relationship between age and infection intensity remains controversial, primarily because exposure to schistosome infection is difficult to assess and the nature of the protective immune response to schistosome infection remains open to debate. Another set of studies has emphasized the role of density-dependent effects on fecal egg excretion. An early notion of density dependence was based on the principle that the per capita fecundity of helminthic parasites is inversely related to the density of worms (Engels et al 1996) . This density-dependent fecundity was thought to be due to worm crowding and was, therefore, considered an attribute of the parasite. A conceptually related notion of density dependence incorporates a form of acquired resistance in that additional schistosomes fail to establish once a threshold worm burden is reached as the result of immunological or non-immunological factors (Woolhouse 1998) . In this case, density-dependent effects were considered an attribute of the host. In both cases, the role of density-dependent effects on the distribution of fecal egg counts remains controversial and difficult to assess. Another important pattern in schistosome epidemiology is that fecal egg counts are typically overdispered, with high egg counts aggregated in a minority (5-6%) of the individuals (Bradley & May 1978) . The possession of high egg counts is a relatively persistent rather than transient attribute. There is also evidence that a subject's tendency to have a high egg count relative to others in the group may persist despite successful chemotherapy (Bradley & May 1978) . The question that presents itself, then, is whether or not the distribution in fecal egg counts in endemic populations reflects innate host factors. The humoral and cellular aspects of the host immune response have been implicated as the innate host factors most likely to influence fecal egg excretion (Damian 1987) . Doenhoff et al. (1978) and Doenhoff et al. (1985) noted considerably reduced rates of excretion of S. mansoni egg in T-cell-deprived mice, compared to immunologically intact controls; serum transfer with chronic infection serum or egg antigen-immunized serum induced a partial restoration of egg excretion. Recently Karanja et al. (1998) observed that patients who were infected with S. mansoni and were seropositive for HIV excreted fewer eggs than individuals who were not seropositive for HIV infection. Furthermore, those in the seropositive group showed a significant correlative relationship between egg excretion ratios and CD4+ lymphocyte percentages. These observations are compatible with the hypothesis that schistosome eggs exit the human host through the requisite facilitation of functional immune responses, and that the efficacy of this process decreases in schistosomiasis patients co-infected with HIV as their peripheral blood CD4+ cell is lower. The granuloma, which is immune dependent, has also been shown to play an important role in the excretion of schistosome eggs in mice (Doenhoff et al. 1986 ). Amiri et al. (1992) reported that the immunoregulatory cytokine tumor necrosis factor alpha (TNF-α) is necessary and sufficient to reconstitute granuloma formation in schistosome-infected SCID mice. Moreover, it was found that the parasitic worms required TNF-α for egg laying and for excretion of eggs from the host. The implication of these results are twofold. The first is that the parasite has adapted so successfully to its host that it may use host-derived immunoregulatory proteins for replication and transmission. The second is that the levels of host immunoregulatory proteins such as TNF-α may be determined by the genetic constitution of the host and, as such, it may be the host which influences the distribution of fecal egg counts in endemic communities. Several recent studies have shown that polymorphisms in the TNF-α gene, located on human chromosome 6, influence levels of this protein in response to a variety of parasitic infections (refs) . Future genetic studies are planned to examine the role of polymorphisms in this gene and others in the current study sample.
Previous studies of the role of host genes in S. mansoni infection have generated significant results. In an initial study using 269 individuals belonging to 20 families, Abel et al. (1991) detected a major condominant gene or locus accounting for a substantial portion of the variation in infection intensity. More recently, segregation (MullerMyhsok et al. 1997 ) and linkage studies (Marquet et al. 1996) from several other groups have narrowed the search to a major locus on human chromosome 5q31-q33 as influencing the intensity of infection. The present study adds to the growing literature on the genetic component of schistosome infection by confirming the role of additive genetic effects on the variation in egg excretion in S. mansoni infection. Additionally, this is the first study to formally evaluate both genetic and shared household effects. The further identification of host genes regulating schistosome-human interactions will provide new ways of understanding the factors critical in controlling schistosome infection and disease development.
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